Members of the LIM homeodomain family of transcription factors have been implicated in specifying cell identity in a range of species. In Drosophila three LIM homeobox genes, apterous, lim3 and isl, have been shown to control axon path®nding of subsets of neurons within the embryo. Here we describe the isolation and characterization of another LIM homeobox gene in Drosophila termed dlim1, a homolog of the vertebrate Lim-1 gene. The sequence and expression of dLim1 is highly related to its vertebrate homologs. Within the Drosophila embryo, dLim1 is expressed in the head primordia, the brain lobes, and in distinct sets of motorneurons and interneurons within the ventral nerve cord. Comparatively in vertebrates, Lim-1 (Lhx1) along with Lim-3 (Lhx3), Gsh-4 (Lhx4), Isl-1 and Isl-2 are expressed in developing motorneurons along the spinal column, where their overlapping expression suggests a role for these genes in the establishment of speci®c motorneuron subtypes. dLim1 is absent from all cells expressing Isl, Lim3, and Apterous, indicating that these proteins function independently within the Drosophila embryo. To investigate the function of dlim1, we generated loss-of-function mutations within the locus. Our ®ndings show that dlim1 is an essential gene that when mutated results in lethality near the larval-pupal boundary. In contrast to vertebrate Lim-1, dlim1 has no apparent role in anterior patterning of the Drosophila embryo. Our analysis shows that dlim1 has been evolutionarily conserved, however the Drosophila lim1 gene exhibits unique properties that distinguishes it from its vertebrate homologs. q
Introduction
The LIM homeodomain family of proteins is de®ned by two cysteine-rich zinc binding LIM domains that lie aminoterminal to a conserved homeodomain. The LIM name is derived from the ®rst three identi®ed members, lin-11, Isl-1, and mec-3 (Freyd et al., 1990) . Members of this family have been shown to function as transcription factors that regulate various stages of cell type speci®cation and differentiation (reviewed in Dawid et al., 1995 Dawid et al., , 1998 Curtiss and Heilig, 1998) . In particular, several members have been implicated in the control of neuronal identities and axon guidance. For example, in C. elegans mec-3 is required for the speci®ca-tion of mechanosensory neurons (Way and Chal®e, 1988) . While in vertebrates, Isl-1 is essential for motorneuron formation and Lim-3 (Lhx-3) is required for the differentiation of the pituitary (Pfaff et al., 1996; Sheng et al., 1996) .
One of the most striking demonstrations of function for a LIM homeodomain protein is that described for the mouse Lim-1 (Lhx-1) gene (Shawlot and Behringer, 1995) . Mice that lack a functional Lim-1 gene fail to form anterior structures, resulting in the complete absence of a fore-and midbrain in mutant embryos. Moreover, studies in Xenopus have shown that Lim-1 (Xlim-1) is found in the Spemann organizer, and can induce anterior structures when ectopically expressed . The inducing activity of Xlim-1 is enhanced by a cooperative interaction with the LIM-domain-binding protein, Xldb-1 (Agulnick et al., 1996) , also known as CLIM-2 or NLI (Jurata et al., 1996; Bach et al., 1997) . Xldb-1/NLI/CLIM-2 associates with the LIM domains of Xlim-1, as well as the LIM domains of other proteins, and is thought to modulate their transcriptional activity . Thus in vertebrate embryos, Lim-1 clearly plays a central role in regulating the fate of anterior cells during the morphogenic process.
In addition to the early role of the LIM homeodomain proteins in cell-type speci®cation, it has been proposed that the cooperative expression of these genes within the vertebrate spinal column dictates motorneuron subtypes. In the chick embryo, a combination of LIM family homeobox genes; Isl-1, Isl-2, Lim-1 (Lhx1), and are expressed in overlapping subsets of motorneuron precursors (Tsuchida et al., 1994; Sharma et al., 1998) . Subclasses of motorneurons with particular target identities express distinct combinations of these genes. A clear indication that these genes provide path®nding identity in vertebrates has been dif®cult to assess, as a result of the early phenotypes of the knock-out mice. Recently, Sharma et al. (1998) demonstrated a requirement for and in specifying the trajectory of motor axons from the neural tube. Further evidence for the LIM homeodomain proteins role in axon guidance has been demonstrated in Drosophila. The Drosophila apterous (ap), lim3 and islet (isl) genes exhibit alteration in normal axon path®nding when ectopically expressed or genetically disrupted Thor and Thomas, 1997; Thor et al., 1999) . Additionally, a combinatorial relationship for axon guidance has been established for isl and lim3. Thus, the homologous proteins in vertebrates and Drosophila may serve similar roles by providing guidance cues to motorneurons in a combinatorial fashion.
In an effort to address the function of the LIM homeodomain proteins in the development of the nervous system, we isolated and characterized the Drosophila homolog of the vertebrate Lim-1 gene. Drosophila-lim-1 (dLim1) is highly related to the vertebrate Lim-1 proteins at the sequence level and displays similarities in its expression pattern. In addition, dLim1 can physically interact with Chip (Morcillo et al., 1997; Fernandez-Funez et al., 1998) , the Drosophila homolog of the LIM-domain-binding protein (Xldb-1/NLI/CLIM-2), indicating these proteins share common functional properties. In contrast to the overlapping expression of Lim-1 and its relatives in vertebrate neurons, dLim1 is excluded from the embryonic neurons that express Ap, Isl and Lim3. To assess the requirement of dlim1 in embryos we generated loss-of-function mutations in the dlim1 gene. We determined that dlim1 is an essential gene that when mutated results in death at or near the larval-pupal boundary. These results provide further evidence that the Drosophila LIM homeodomain proteins share functional characteristics with the vertebrate proteins, yet exhibits distinct properties that re¯ect species divergence and specialization.
Results

Isolation of Drosophila lim1
The Drosophila lim1 (dlim1) cDNA was isolated by the polymerase chain reaction (PCR) using degenerate primers designed from the conserved sequences within the Xlim-1 and Lim-1 (Lhx1) homeoboxes (Taira et al., 1992; Fujii et al., 1994) . The dlim1 PCR product was then used as a probe to screen embryonic and larval cDNA libraries to isolate full length cDNA clones. A composite of overlapping cDNA sequences yielded a 4145 bp message which encodes for a 505 amino acid protein with a predicted molecular weight of 54 788 Da (Fig. 1A) . The 5 H untranslated region (UTR) contains stop codons in all frames prior to the initiating methionine. The 3 H UTR sequence extends 2435 nucleotides beyond the translation stop, and possesses three consensus polyadenylation signals (not shown).
As anticipated, the Drosophila sequence was found to be most homologous to the Xenopus and mouse Lim-1 proteins. At the amino acid level the dLim1 homeodomain is 88% identical, and the LIM domains are 78% identical to the vertebrate Lim-1 proteins. Fig. 1B±D shows the amino acid sequence alignment of dLim1 with selected members of the LIM homeodomain family. This striking similarity with the vertebrate Lim-1 proteins in the LIM and homeo-domains suggests that the isolated sequence represents the Drosophila ortholog. Reduced stringency screens and Southern hybridization of Drosophila genomic DNA with a dlim1 cDNA probe suggests that there is single dlim1 gene in the Drosophila genome (not shown). Outside the LIM and homeodomains there is little overall homology. The size of the Drosophila protein is approximately 100 amino acids larger than the vertebrate proteins. This difference lies within the unconserved regions, including the linker region that separates the LIM domains from the homeodomain. However, as in vertebrates, dLim1 has a carboxyl terminus that is rich in proline (16%). Recent analysis of the functional domains of Xlim-1 revealed a transactivation domain within this region . The carboxyl end of dLim1 encodes for stretches of both prolines and glutamines, which is indicative of a strong transactivator. The characteristic domains that dLim1 encodes for suggests that this protein binds to target DNA through its homeodomain, and modulates transcription through positive or negative interactions of its protein-binding LIM domains.
Expression pattern of dLim1
To analyze the expression pattern of dLim1 we carried out immunocytochemistry to localize the dLim1 protein in embryos and larvae. To detect the dLim1 protein we generated a highly speci®c polyclonal antibody against the dLim1 protein in guinea pigs. This antibody detected a single species of appropriate molecular weight on a Western blot of Drosophila extracts (not shown), and displayed no cross dLim1 is ®rst detected at the cellular blastoderm stage in a circumferential stripe just anterior to the cephalic furrow ( Fig. 2A) . Prior to this, no expression is evident within the syncytium, indicating a lack of maternal contribution. Zygotic expression persists in the procephalic lobes as gastrulation proceeds, and becomes compartmentalized to de®ned regions within the head segments (Fig. 2B) . At maximum germ band extension, transcripts are detected in clusters of cells in the thoracic and abdominal segments (Fig. 2B) . Expression is con®ned to the cells at the neuroectoderm border where the neuroblasts are segregating from the ectoderm. In later stages of embryogenesis, high levels of dLim1 are present in the head segments, particularly in the clypeolabrum, the mandible, and maxilla ( Fig. 2B±D) . High levels of expression are also observed in the cells of the ventral nerve cord, as well as the embryonic brain lobes (Fig.  2C,D) . In addition, the dLim1 protein is present in small groups of cells in the peripheral nervous system and cells of the ventral epidermis (Fig. 2C) . The expression of dLim1 RNA was analyzed by whole mount in situ hybridization (not shown). In comparing the expression of RNA and protein no obvious differences were observed between their individual patterns, thus our description is re¯ective of both dLim1 transcripts and protein.
To further de®ne the dLim1 expressing cells within the nervous system, we carried out double labeling experiments with the dLim1 antibody and cell speci®c markers. Using an antibody against the Repo protein (Halter et al., 1995) , which is expressed exclusively in glial cells, we observed no overlap between dLim1 and Repo expression (Fig. 2E ). Double stainings for dLim1 and the Elav protein (Robinow et al., 1988) , which is expressed in all neural cells, showed that dLim1 is con®ned to a subset of neuronal cells within the ventral nerve cord (Fig. 2F ). To help identify the neurons within the nerve cord that were positive for dLim1, we double labeled using an antibody that recognized the Evenskipped Fig. 2 . Expression pattern of dLim1 protein in embryos. In each panel anterior is to the left. dLim1 protein is ®rst detected at the cellular blastoderm stage in a stripe just anterior to the cephalic furrow (A). As development proceeds, expression within the procephalic lobes becomes compartmentalized within the individual head segments (B, lateral view). At maximum germ band extension dLim1 expression is seen in neuroblast cells within each segment (B). In the later stages of embryogenesis, high levels of dLim1 are present in the head segments, particularly in the clypeolabrum, the mandible, and maxilla (C, ventral view; D, lateral view). High levels of expression are also observed in the cells of the ventral nerve cord. In addition, dLim1 is present in the brain lobes of late stage embryos (D), and in small groups of cells of the epidermis (C). Confocal images of stage 16 embryos highlighting the ventral nerve cord (VNC). Double immunolabeling with anti-dLim1 is shown in green (E±G), glial speci®c anti-Repo in red (E), and neural speci®c anti-Elav in red (F). The expression of dLim1 and Repo is mutually exclusive, demonstrating that dLim1 is absent from the glial cell population. All dLim1 positive cells of the VNC also express Elav, shown as yellow in F, indicating that they have a neuronal identity. Double labeling with anti-dLim1 is shown in green, and anti-Eve in red (G). The overlap of expression depicted in yellow reveals the presence of dLim1 protein in the aCC and RP2 neurons.
(Eve) protein (Fig. 3G) , (Frasch et al., 1987) . We localized dLim1 to motoneurons, RP2, aCC, and the U neurons. All of these motorneurons innervate the dorsal-most muscle groups within each segment (Doe and Goodman, 1993; Langraf et al., 1999) . Interestingly, the motorneurons in which Isl is expressed innervate only ventral muscle groups (Thor and Thomas, 1997) . We also localized dLim1 to a subset of interneurons which express the Derailed protein (not shown). Thus, within the ventral nerve cord dLim1 is expressed in both motorneurons and interneurons, and is absent from the glial cell population.
Additionally, we analyzed the expression of dLim1 in dissected larvae by immunostaining. dLim1 protein is present in discrete cells of the larval nerve cord, and in the lobes of the brain (Fig. 3A) . There is particularly strong expression in the cells of brain from which the optic stalk emerges to attach to the eye disc. dLim1 immunoreactivity is detected in the antennal disc (Fig. 3B) , and the leg disc (Fig. 3C) . No protein was observed in the eye disc (Fig. 3B) , or the wing and haltere discs (not shown). dLim1 in the leg and antennal disc are expressed in concentric rings, corresponding to the major segmental folds in the disc epithelium. The center spot in each disc represents the distal-most segment of what will become the adult leg and antennae. The outer rings correspond to the progenitors of more proximal segments. In addition we detected dLim1 expression in the labial disc (not shown). All discs that express dLim1 are derived from imaginal progenitors that originated from the ventral region within the embryo. Thus as in the embryo, dLim1 shows a very de®ned pattern of expression within subsets of imaginal discs and adult progenitors.
Expression of dLim1 and its LIM homeodomain relatives
The unique expression of dLim1 in a subset of motoneurons and interneurons led us to examine if this expression overlapped with other LIM homeodomain members. Characterization of the expression of a group of vertebrate LIM homeodomain genes (Isl-1, Isl-2, Lim-1 and Lim-3) along the chick spinal column demonstrated that these genes overlapped with one another in very distinct patterns (Tsuchida et al., 1994) . Their spatial overlap demarcated regions of motorneuron subclasses, suggesting that the LIM homeodomain genes conferred an identity to pools of motorneurons by their combinatorial expression. More recently, a combinatorial code for motorneuron pathway selection has been demonstrated for isl and lim3 in Drosophila (Thor et al., 1999) . We were interested in evaluating the expression of dLim1 with respect to its LIM homeodomain relatives. To do this we carried out a series of double labeling experiments using late stage embryos, shown in Fig. 4 . These embryos carried enhancers from either isl (Thor and Thomas, 1997) , lim3 (Thor et al., 1999) or ap (O'Keefe et al., 1998) that recapitulated their expression using a tau± LacZ or tau±c-myc fusion construct as a reporter. By double staining for enhancer expression and the dLim1 protein, we observed no overlap of expression between dLim1 and Isl, Ap or Lim3 (Fig. 4A±C ). All neurons that stained positive for dLim1 in the nuclei lacked enhancer expression within their cell bodies. Similar to what is observed in vertebrates, the LIM homeodomain genes that we analyzed in Drosophila are expressed in distinct subclasses of neurons within the ventral nerve cord. The expression of dLim1 is con®ned to a subset of motorneurons and interneurons that are lacking the other LIM homeodomain genes tested. To assess the possibility that the absence of dLim1 in cells expressing other LIM homeodomain proteins was due to repression by these family members, we analyzed the expression of dLim1 in ap and lim3 mutant embryos. In embryos with a null mutation in ap the expression of dLim1 remained unchanged. Likewise, analysis of the Lim3-expressing RP neurons in lim3 mutants showed no upregulation of dLim1 (data not shown). These results indicate that the exclusion of Fig. 3 . Detection of dLim1 protein in imaginal discs and ventral nerve cord of third instar larva. (A) dLim1 protein is present in discrete cells of the larval nerve cord (nc), and in the lobes of the brain (arrows). (B) dLim1 immunoreactivity is detected in the antennal disc (an), and the leg disc (C). dLim1 in the leg and antennal disc are expressed in concentric rings, corresponding to the segmental folds in the disc epithelium. The center spot in each disc represents the distalmost segment of what will become the adult leg and antennae. dLim1 from cells expressing other LIM homeodomain proteins is not a result of repression by these LIM homeodomain family members.
In addition to the exclusive expression of dLim1, Ap and Isl do not overlap (Thor and Thomas, 1997) , while Lim3 fails to overlap with Ap, but is found in a subset of Isl positive cells (Thor et al., 1999) . Thus, as in vertebrates the expression of these genes in the Drosophila nerve cord may provide instructional cues for proper path®nding and target identity in the embryo.
Physical interaction of dLim1 with Chip
dLim1 is highly related to its vertebrate homologs at the sequence level. Given their conservation, we were interested to see if this sequence homology translated into functional similarities at a molecular level. In Xenopus, Xlim-1 and the LIM-domain-binding protein (Xldb-1/NLI/CLIM-2), interact in vitro, and cooperate in vivo to induce secondary axis structures (Agulnick et al., 1996) . As the name implies, this association takes place through the LIM domains. More recently, the Drosophila homolog of Xldb1/NLI/CLIM-2, Chip has been cloned and shown to interact with the Ap protein (Morcillo et al., 1997; Fernandez-Funez et al., 1998) . To determine if dLim1 and Chip interact in vitro, we carried out co-immunoprecipitation experiments (Fig. 5) . Using the dLim1 antibody, we tested the ability of Chip to be immunoprecipitated by full-length and truncated dLim1 proteins. Our results show that Chip can be immunoprecipitated in the presence of full-length dLim1, and a truncated dLim1 protein that contains the LIM domains (LIM-dlim1). HD-dlim1, which lacks the LIM domains and includes the homeodomain failed to coimmunoprecipitate Chip. Additionally, Chip by itself is not immunopreciptated by the dLim1 antibody. These results show that dLim1 has the capacity to interact with the LIM-domain-binding protein, Chip. This interaction requires the LIM domains of dLim1 and is independent of the dLim1 homeodomain. Similar to its vertebrate counterparts, and Ap in Drosophila, dLim1 and Chip may cooperate in vivo to modulate the transcriptional activity of its downstream target genes. Chip is ubiquitously expressed and therefore is present in all dLim1-expressing cells suggesting that an in vivo interaction is possible. We have not tested the physical interaction of these two proteins in vivo; however, given the speci®c interaction demonstrated by the in vitro results it seems likely that dLim1 and Chip may form a functional complex in vivo.
The dlim1 locus and generation of a mutant
The chromosomal location of dlim1 was determined by hybridizing the dlim1 cDNA to polytene chromosomes. A single hybridization signal was detected on the X chromosome in the 8B interval (Fig. 6) . Two overlapping de®cien-cies, Df(1)lz-90b24 (Drysdale et al., 1993) and Df(1)KA14 (Cramer and Roy, 1980) , that have breakpoints within this region were shown to lack dLim1 expression by in situ hybridization and immunostaining (not shown). Fig. 6 shows the cytological location of dlim1 and shows the de®-ciencies and duplications that were used for our genetic analysis. Because no known dlim1 mutations existed, we initiated a genetic screen to isolate lethal mutations within the dlim1 locus. Details of the genetic screen are described in Section 4. From our ems screen we isolated four alleles representing one complementation group, that failed to complement Df(1)lz-90b24 and Df(1)KA14. We tested each of these alleles for dLim1 protein expression by staining hemizygous male embryos with the dLim1 antibody. Hemizygous males were identi®ed by double labeling with a b -galactosidase antibody, to detect the FM7-LacZ balancer chromosome. All alleles within this one complementation group showed varied reduction in dLim1 protein.
The most dramatic decrease was observed in allele E9, that lacked all detectable levels of dLim1 protein in embryos at all stages, as well as in mutant larva. Shown in Fig. 6C is an E9 mutant embryo stained for dLim1 protein, with a wildtype embryo for comparison (Fig. 6B) . Analysis of dLim1 transcripts in each of the mutants revealed the presence of RNA at comparatively normal levels (data not shown). These results suggest that the mutations lie within the dlim1 locus at critical sites which disrupt the production of wild-type dLim1 protein. From the genetic and molecular analysis of this complementation group, our data support the conclusion that these four alleles represent mutations in the dlim1 gene. Within the group, allele E9 completely lacked all dLim1 immunoreactivity, indicating that this is a null allele.
To begin to assess the cause of lethality we determined the stage at which these mutants died. The dlim1 mutant embryos hatch from their egg case and can develop to the 3rd instar larval stage. In good culture conditions most progress to the 3rd instar stage, and some will pupate. Two alleles appear to be hypomorphs, in that 90% of the mutants pupate, compared to only 10±20% for null allele E9 and allele E4. Heteorallelic combinations of the dlim1 mutations with each other and with Df(1)lz-90b24, gave similar results. The mutant larvae exhibit no developmental delay, they molt and reach the wandering stage with no obvious defects. Movement of larvae appears typical until the 3rd instar wandering stage. At this stage the mutants appear sluggish and fail to wander normally, causing them to either arrest or pupate, on or near their food source. From analysis Fig. 6 . The cytological location of dlim1 was determined by in situ hybridization to polytene chromosomes. (A) A single hybridization signal was observed at position 8B on the X chromosome. Shown are the de®ciency stocks and duplication, Dp(1;Y)578 that were used in our screen for dlim1 mutants. Two overlapping de®ciencies, Df(1)KA14 and Df(1)lz-90b24 remove dlim1, while Df(1)9a4-5 breaks proximal to the 8B interval. Four alleles (E-4, -8, -9, -12), representing one complementation group were identi®ed that showed aberrant levels of dLim1 protein. One of these alleles, dlim1 E9 , has no detectable level of dLim1 protein, indicating this is a null mutation in dlim1. of dissected pupal cases, a few mutants develop into pharate adults, but are incapable of eclosion and survival beyond this point. These behavioral defects suggest that the dlim1 mutants have abnormal motor coordination, leaving them unable to wander properly and eclose into adult¯ies. Molecular analysis of these mutants has not revealed any striking defects. By using an array of molecular markers to analyze both embryos and larvae, we found the overall structure of the nervous system to be normal. We analyzed the mutants with several nervous system markers including, 22C10 (Zipursky et al., 1984) , FasII (Van Vactor et al., 1993) BP102 (Seeger et al., 1993) , and BP104 (Hortsch et al., 1990) , and failed to detect any structural defects or misguided axon projections. In particular, we analyzed the projections of the RP2 and aCC neurons in dissected embryos and larvae and found them to be morphologically normal. For each marker, approximately 5 individual hemisegments from 50 dLim1 mutant embryos where analyzed and compared to wild-type embryos using whole mount immunocytochemistry. For the dissected preparations, more than 20 mutant embryos and 20 mutant larvae were dissected, from which 5 to 6 hemisegments where analyzed in detail and compared in parallel to wild-type preparations. Although it is quite possible that dlim1 mutants have subtle path®nding defects, as is the case with ap and isl, we were unable to identify them. dLim1 is not found in serotoninand dopamine-producing neurons, and is absent from the ring gland in larva, suggesting that these defects are not due to disruptions in these neurosecretory pathways. Thus a clear explanation for the cause of lethality for the dlim1 mutants remains to be elucidated. Additionally we have analyzed the neuronal phenotype of dlim1 null mutants in embryos heterozygous for chip (1/2). However, as with the dlim1 mutation alone, no phenotype was observed in the dlim1 (2/2) null, chip (1/2) heterozygous background.
Discussion
Our results describe the isolation and characterization of the Drosophila homolog of the vertebrate Lim-1 gene. The Drosophila gene is highly related to the vertebrate gene at the sequence level, and shows similarities in its expression pattern. While the vertebrate Lim-1 gene is expressed in the head folds of the young embryo, dLim1 is expressed as a stripe within the head primordia just after cellularization. At later stages both genes are found in subsets of motorneurons and interneurons within their respective nerve cords. The similarities in sequence and expression between the vertebrate and Drosophila orthologs strongly suggests that their function has also been conserved. Consistent with this, when comparing the molecular capabilities of the dLim1 protein with those of vertebrates, we demonstrated that dLim1 can interact with a homologous partner protein. Just as the vertebrate proteins, Xlim-1 and Xldb-1 (NLI, CLIM-2) interact in vitro, dLim1 and Chip exhibit a comparable association.
Thus, within each species these factors have retained common characteristics that are important to the function of these proteins. However, within each organism the Lim-1 proteins have adapted species-speci®c functions that re¯ect divergent specialization (discussed below). dLim1 is expressed in many cells along the ventral nerve cord of the Drosophila embryo. In our characterization we were able to show that dLim1 is found in neural cells and not glial cells within the ventral nerve cord. Expression is observed in interneurons and motorneurons, speci®cally RP2, aCC and the U motorneurons, all of which innervate dorsal muscles of the embryo. Because of the combinatorial expression observed with LIM homeodomain members in the chick spinal column and the Drosophila ventral nerve cord, we were interested in assessing the relative expression of the LIM homeodomain proteins in Drosophila. In the vertebrate spinal column the overlapping expression of Lim-1, Lim-3, Isl-1 and Isl-2 demarcates regions of motorneurons with common targets. In Drosophila, the LIM homeodomain genes; dLim1, Lim3, Isl, and Ap, are found to be expressed in select subtypes of neurons within the ventral nerve cord. dLim1 is expressed in motoneurons that innervate dorsal muscles, while Isl expressing motoneurons innervate ventral muscles. Additionally, the pools of interneurons that dLim1 and Isl are expressed in do not overlap. Moreover, our results show that dLim1 and Lim3 have mutually exclusive expression patterns. The signi®-cance of this exclusive expression has yet to be determined, however based on the vertebrate model and the combinatorial relationship observed for isl and lim3 in Drosophila, it seems feasible that dLim1 may provide path®nding identity to subclasses of neurons. As in the chick spinal column, the overlapping or exclusive expression of these proteins provides instructional information to subsets of neurons. This is supported by the path®nding defects observed in the ap, lim3 and isl mutants and the combinatorial relationship observed with isl and lim3. The subtlety of the path®nding defects seen with ap, isl, and lim3, and the apparent lack of any in dlim1 mutants, supports the idea that there are multiple factors involved in regulating this process.
In an effort to address the role of dlim1 in Drosophila we generated loss-of-function alleles in the dlim1 locus. As a function of our screening strategy, all dlim1 mutations we recovered were lethal. These mutants survived to the larval and pupal stages, but never eclosed to give rise to viable adult¯ies. Morphologically, the dlim1 mutants appeared normal, however at the third instar stage, larvae began to exhibit coordination defects and were unable to crawl in a wild-type fashion. We used several nervous system markers to assess the cause of lethality. Our analysis showed that the cells are speci®ed correctly and they appear to extent their axon projections out normally. The general behavior of the larva suggest that these mutants have motor-coordination defects. What these defects are at a morphological and molecular level remains to be determined. What is clear is that the dlim1 mutants die during their development, demonstrating that dlim1 is an essential gene. Clonal analysis and characterization of the dlim1 locus may unveil the speci®c nature of the dlim1 phenotype.
Materials and methods
dlim1 cDNA isolation
The Drosophila homolog of the vertebrate Lim-1 gene was isolated by using degenerate primers designed to the conserved regions of the vertebrate homeodomain sequences. The PCR reaction was performed under reduced stringency conditions using an annealing temperature of 458C. Primer sequences were: 5
A band of predicted size was isolated, subcloned into pBluescript vector (Stratagene) and sequenced to reveal Lim-1 homologous sequences. Using the 150 bp PCR product, a Drosophila embryonic l gt10 cDNA library (Poole et al., 1985) was screened at high stringency as described (Sambrook et al., 1989) . Eleven positive clones were plaque puri®ed, four of which were subcloned into the pBluescript vector. Restriction enzyme analysis and DNA sequencing revealed these clones to be overlapping, with all cDNAs containing the homeodomain. Sequence was generated from both strands using an Applied Biosystems DNA Sequencer from the Molecular Genetics Core Facility at University of Texas Medical School, Houston, TX.
Production of dLim1 antibodies
For antibody production a dlim1 cDNA fragment containing nucleotides 249±1979 was cloned into pRSETA (Invitrogen). The histidine-tagged fusion protein was expressed in Escherichia coli BL21(DE3) cells and puri®ed under denaturing conditions on a HIS-BIND nickel resin (Novagen). The dLim1 fusion protein was gel puri®ed by sodium dodecyl sulfate±polyacrylamide gel electrophoresis (SDS± PAGE) and the isolated gel slice was used for immunization of guinea pigs (Cocalico Biologicals).
Immunocytochemistry and in situ hybridization
Immunological staining of whole mount and dissected embryos and larvae was carried out as described (Vachon et al., 1992) . The HRP color reaction was done using the ABC elite kit (Vector Laboratories). Confocal analysis was performed using secondary antibodies conjugated to FITC and Texas Red (Jackson Laboratories) at a 1:500 dilution, as described (Callahan et al., 1996) . Primary antibodies and dilutions used were: guinea pig anti-dLim1 1:500, mAb anti-b-galactosidase 1:5000 (Promega), mAb 9E10 anti-cMyc 1:250 (Evan et al., 1985) , rat anti-Elav 1:500 (Robinow et al., 1988) , rat anti-Repo 1:500 (Halter et al., 1995) , rabbit anti-Eve 1:5000 (Frasch et al., 1987) . Biotinylated secondary antibodies were used at 1:500 (Vector Laboratories).
To determine the cytological location of dlim1, a 1963 bp EcoRI cDNA insert was digoxigenin-labeled (Boehringer Mannheim). The DNA probe was used to hybridize to chromosome squashes as described (Pardue, 1986) . For wholemount in situ hybridizations (not shown), to compare dLim1 RNA expression with protein levels, a 1963 bp dlim1 cDNA in pBluescript was linearized and used as a template to synthesize a digoxigenin-labeled anti-sense RNA probe.
Immunoprecipitations
In vitro transcription and translation (IVT) to generate dLim1 and Chip proteins was carried out using the TNT rabbit reticulocyte lysate in vitro translation system (Promega). The dLim1 constructs in pBluescript (Stratagene) are depicted in Fig. 5A S]methionine were run in parallel for co-immunoprecipitations. Each labeled protein was tested individually for its ability to be immunoprecipitated by the dLim1 antibody. The immunoprecipitation reactions were carried out using protein A agarose per manufacturer's instructions (Oncogene Science), with modi®cations. For each co-immunoprecipitation reaction equal amounts of IVT protein (5±10 ml) were added together and incubated in 0:5 £ phosphate-buffered saline (PBS) and 10 mM ZnCl 2 , in a 40 ml volume for 30 min at room temperature. A suspension of 15 ml of agarose beads, 1 ml of dLim1 antiserum, in 944 ml of immunoprecipitation (IP) buffer, was added to each reaction and was incubated for 1 h. Agarose beads were pelleted by centrifugation and washes three times with IP buffer, and two times with IP buffer lacking BSA and milk. Pellets were resuspended in 40 ml of SDS± PAGE buffer and 20 ml was subjected to SDS±PAGE. Gels were dried and exposed to autoradiography ®lm (Kodak). IP buffer consisted of overlay buffer (Agulnick et al., 1996) with 2% bovine serum albumin (BSA) (Sigma) and 1% nonfat dry milk (Carnation).
Drosophila stocks
All¯y strains were raised on standard cornmeal, molasses and agar medium, supplemented with live yeast. The wildtype strain used was Oregon-R. De®ciency stocks used in this study were obtained from the Bloomington Stock Center and are described in Flybase (1994) . De®ciency stocks are, Df (1) . The four ems alleles generated from the screen, designated dlim1(E4, E8, E9 and E12), were maintained over the FM7c balancer in females or with Dp(1;Y)578 in males. Flies carrying tau-enhancer fusion constructs were isl-H-tau-myc (Thor and Thomas, 1997) , and RK20-tau±lacZ (lim3), (Thor et al., 1999) . Ap neurons were visualized using the ap-Gal4 line to drive expression of the UAS-tau±lacZ reporter transgene (O'Keefe et al., 1998) .
Mutagenesis screen
Lethal mutations in the dlim1 gene were obtained by feeding Oregon-R males ethyl methanesulfonate (ems) (Sigma), as previously described (Lewis and Bacher, 1968) . Mutagenized males were crossed to virgin females carrying a compound chromosome, C(1)DX and duplication, Dp(1;Y)578, that covers the dlim1 locus. Single F1 male progeny carrying mutagenized chromosomes and the duplication, where then crossed to Df(1)lz-90b24/FM7, which removes dlim1. Lethal progeny were scored based on the absence of females carrying the de®ciency chromosome, Df(1)lz-90b24 and a mutagenized X chromosome. From this screen, 3750 F1 males were screened for their inability to complement Df(1)lz-90b24. Five individual lines were identi®ed, and these were tested for there ability to complement two surrounding de®ciencies in the 8B region. These were, Df(1)KA14, that disrupts dlim1, and Df(1)9a4-5, which breaks proximal to dlim1. Four alleles, forming one complementation group did not complement Df(1)KA14 and complemented Df(1)9a4-5. Embryos from these four lines were tested for the presence of dLim1 protein by immunostaining and Western analysis. Allele E9 had no detectable levels of dLim1 protein, while the other three (E4, E8 and E12) had reduced levels of expression.
